In the last decade, much progress has been made in the photosynthetic production of valuable products using unicellular cyanobacteria. However, production of some products requires dark, anaerobic incubation, which prevents practical applications using these organisms. Anabaena sp. PCC 7120 (A. 7120) is a heterocyst-forming multicellular cyanobacterium that is easy to manipulate genetically. Upon nitrogen step-down, this strain differentiates heterocysts that retain micro-oxic conditions for nitrogen fixation. We have developed gene regulation tools in this cyanobacterium. However, lack of a cell type-specific gene induction system has prevented A. 7120 from becoming a bona fide attractive host for photosynthetic production. We validated the usability of two transcriptional ON riboswitches that respond to theophylline or adenine. We then created a cell type-specific gene induction system by combining the riboswitches and promoters specific to either heterocysts or vegetative cells. We also created another cell type-specific gene induction system using small RNA that activates translation. Consequently, our study has expanded the toolbox for gene regulation in cyanobacteria and has enabled spatio-temporal gene induction in multicellular cyanobacteria.
Introduction
Development of renewable and sustainable energy sources is encouraged to solve energy demand and problems of global warming. Cyanobacteria have gained attention in recent years because of their ability to convert carbon dioxide into useful substances using solar energy through photosynthesis (Berla et al. 2013, Case and Atsumi 2016) . The unicellular cyanobacteria Synechocystis sp. PCC 6803 (S. 6803) and Synechococcus sp. PCC 7942 show rapid growth and natural transformation ability. These valuable features have facilitated successful production of various useful chemicals and biofuels including sucrose (Ducat et al. 2012 ), 2,3-butanediol (Oliver et al. 2013 ) and 1-butanol (Lan and Liao 2011) . However, production of some substances requires dark, anaerobic incubation of cyanobacteria, which has hampered large-scale production and development of practical applications (Hirokawa et al. 2015) . For example, the oxygen sensitivity of some enzymes in synthetic pathways limits the productivity of certain substances (Lan and Liao 2011) . It has been suggested that production of some chemicals derived from acetyl-CoA requires the activation of glycolysis by drastic shift from photosynthetic to dark, anaerobic conditions (Hirokawa et al. 2015) .
Anabaena sp. PCC 7120 (A. 7120) is a filamentous cyanobacterium. Upon depletion of combined nitrogen in the medium, with a regular interval of 10-15 cells, vegetative cells differentiate into heterocysts, which are terminally differentiated cells specialized for nitrogen fixation (Kumar et al. 2010) . Heterocysts provide micro-oxic conditions to protect the oxygen-sensitive nitrogen fixation enzyme nitrogenase from oxygen. By spatially separating oxygen-evolving photosynthesis in vegetative cells and nitrogen fixation in heterocysts, A. 7120 can perform both processes under light illumination. Heterocyst differentiation leads to physiological (metabolic) differentiation for efficient exchange of carbon and nitrogen metabolites between two types of cells as well as morphological differentiation to provide microoxic conditions for nitrogenase. Sucrose, synthesized in vegetative cells through carbon fixation, is transported into heterocysts where it is degraded (Nürnberg et al. 2015) . Heterocysts metabolize transported carbon through the oxidative pentose phosphate pathway that is more active in heterocysts than vegetative cells to provide reducing power for nitrogen fixation (Summers et al. 1995) . Alanine dehydrogenase is activated (Pernil et al. 2010 ) and glutamate synthase is inactivated (Martín-Figueroa et al. 2000) in heterocysts to balance carbon and nitrogen sources. Many genes, including genes encoding the enzymes mentioned above, are spatio-temporally regulated upon nitrogen depletion (Ehira 2013) .
Anabaena sp. PCC 7120 is an attractive host for the photosynthetic production of useful chemicals for several reasons. First, micro-oxic conditions in heterocysts are useful for the introduction of oxygen-sensitive enzymes. Secondly, pathways such as the pentose phosphate pathway, which are active in dark conditions in unicellular cyanobacteria or vegetative cells in heterocyst-forming cyanobacteria (Smith 1982) , are active in light conditions in heterocysts. This metabolic difference is helpful to produce specific chemicals in light conditions. Thirdly, nitrogen fixing is essential for the photosynthetic production of nitrogen-containing substances from dinitrogen in the air. Finally, A. 7120 is amenable to genetic manipulation.
We have developed efficient gene regulation systems in A. 7120 (Higo et al. 2016 , Higo et al. 2017 . While the TetR-anhydrotetracycline (aTc) system showed a wide dynamic range in A. 7120, genes of interest were induced in both vegetative cells and heterocysts (Higo et al. 2016) . A cell type-specific gene induction system (spatio-temporal gene induction system) would enable complex and useful metabolic engineering, which is difficult to achieve in unicellular cyanobacteria.
RNA-based tools have provided some recent developments in gene regulation systems in cyanobacteria. For instance, a synthetic theophylline (Theo) riboswitch gene induction system has been successfully used in cyanobacteria (Nakahira et al. 2013 , Ma et al. 2014 , Ohbayashi et al. 2016 ). This riboswitch is located at the 5 0 -untranslated region of the target gene and controls expression of the gene in a cis fashion. In the absence of Theo, the ribosome-binding site (RBS) within the expression platform of the riboswitch upstream of the target gene is hidden and gene expression is repressed. In contrast, when Theo binds to the aptamer domain of the riboswitch, the RBS of the target gene is exposed and gene expression is activated. Non-coding small RNAs (sRNAs) acting in trans have also been developed in cyanobacteria. By binding to the target gene, sRNAs can activate (Abe et al. 2014) or repress (Higo et al. 2016 ) their target gene. The high modularity of RNA-based tools acting in cis or trans has enabled us to construct an efficient and flexible gene induction system in A. 7120 (Higo et al. 2017) .
Here, to make an A. 7120 bona fide attractive host, we aimed to create a spatio-temporal gene induction system using RNAbased gene regulation tools acting in cis or trans. Six synthetic translation-based Theo riboswitch variants (A-F) have been used in diverse bacteria (Topp et al. 2010) as well as in diverse cyanobacteria (Nakahira et al. 2013 , Ma et al. 2014 , Ohbayashi et al. 2016 . In this study, we used transcriptional ON riboswitches (theo/pbuE* and pbuE/pbuE*) responding to Theo or adenine, respectively (Ceres et al. 2013) , to expand gene regulation toolboxes in cyanobacteria. To construct chimeric riboswitches, Ceres et al. (2013) created an engineered expression platform pbuE* from pbuE derived from Bacillus subtilis. In a transcriptional ON riboswitch, the absence of a ligand allows formation of a Rho-independent transcription terminator structure. In contrast, binding of a ligand to an upstream aptamer domain does not allow a terminator structure in the downstream region (expression platform), leading to induction of a target gene (Supplementary Fig. S1 ). We demonstrated that the transcriptional riboswitch allows dose-dependent gene induction. Furthermore, based on the modularity of riboswitches, we created heterocysts or vegetative cell-specific gene induction systems. We also created a cell type-specific gene induction system using sRNA acting in trans. Altogether, we have expanded gene regulation tools toward the metabolic engineering of heterocyst-forming multicellular cyanobacteria.
Results and Discussion
Usability of a theophylline-responsive transcriptional riboswitch in A. 7120
We first verified whether the Theo-responsive transcriptional ON riboswitch (theo/pbuE*) works in A. 7120. The L03 promoter, a very strong promoter in the absence of a TetR repressor (Higo et al. 2016) , and a reporter gene, gfp encoding green fluorescent protein (GFP), was fused to upstream and downstream regions of the riboswitch theo/pbuE*, respectively. We did not change the RBS sequence at this stage. The DNA fragment was cloned into a shuttle vector replicating in A. 7120 (plasmid pCA021) and the plasmid was introduced into A. 7120. Because A. 7120 is usually cultivated under both nitrate-replete and nitrate-depleted conditions (nitrogen fixation conditions), we tested the function of the riboswitch in both conditions. At 24 h after the addition of the indicated concentration of the inducer Theo, GFP fluorescence was measured. The GFP fluorescence was induced in a dose-dependent manner in nitrate-replete and depleted conditions ( Fig. 1A and B, respectively).
To validate the flexibility of the transcriptional riboswitch, the RBS sequence upstream of gfp was optimized using an RBS calculator2 (Espah Borujeni et al. 2014 , Taton et al. 2014 . In a transcriptional ON riboswitch, gene expression is regulated by formation of a terminator structure, and is independent of the downstream RBS region ( Supplementary Fig. S1 ). Thus, it should be possible to replace the RBS sequence downstream of the terminator sequence without affecting riboswitch function. Twenty-three nucleotides (nt) between the transcriptional terminator of the riboswitch and the gfp start codon were replaced with the de novo designed RBS sequence by RBS calculator2 (Espah Borujeni et al. 2014 ) (details of the sequence are described in the Supplementary data). The resulting plasmid, pCA022, was introduced into A. 7120, and GFP fluorescence was measured. Similar to the results from pCA021, but with higher expression levels, Theo dramatically induced GFP fluorescence in a dose-dependent manner in both nitrate-replete and depleted conditions (Fig. 1A, B) . These results revealed that the expression range could be easily adjusted by changing the RBS sequence in a transcriptional ON riboswitch, showing the flexibility of this system.
Target dependency of the riboswitch
Whereas some genes were induced dramatically by using a Theo-responsive translational riboswitch, some genes were hardly induced even though the same riboswitch was used in cyanobacteria (Ohbayashi et al. 2016) . Ohbayashi et al. (2016) suggested that formation of a secondary structure of RNA near the start codon of the target gene affected riboswitch function because the riboswitch and the target gene are directly connected in the translational riboswitch system.
We coincidentally found that Flag-tagged iLov protein [an FMN-binding fluorescent protein (Mukherjee et al. 2013) ] is hardly induced when using Theo-responsive translational riboswitch variant F (one of the six translational ON riboswitches) (Ma et al. 2014) in A. 7120 (Fig. 2) . Flag-iLov was detected even without the inducer, indicating that the translational riboswitch variant F is leaky when flag-ilov is used as a target gene. We, and others, have demonstrated that yellow fluorescent protein and GFP are strongly induced by Theo when using the same riboswitch in A. 7120 (Ma et al. 2014 , Higo et al. 2017 . Western blotting analysis using an anti-Flag-tag antibody showed that FLAG-iLov was dramatically induced using the transcriptional riboswitch theo/pbuE* (Fig. 2) . There are six types of Theo-responsive translational riboswitches.
Thus, when a riboswitch does not work, the other five might work well. Because the expression platforms of the transcriptional riboswitch and the target gene are separated by a 20-30 nt sequence, target gene dependency might be low in transcriptional riboswitch systems. Hence, use of a transcriptional riboswitch could be another solution for the target dependency problem of riboswitches.
Another transcriptional riboswitch responsive to adenine
Increasing the variety of gene induction tools in cyanobacteria is important as this could enable us to induce multiple genes independently. We tested a transcriptional ON riboswitch pbuE/pbuE* responsive to adenine or its analog 2-aminopurine (2-AP) (Ceres et al. 2013 ). Similar to theo/pbuE*, a strong promoter, L03, and a reporter gene, gfp, were used (plasmid pCA026). In addition, an optimized RBS sequence for gfp was applied. At 24 h after induction by 2-AP, GFP fluorescence was strongly induced in both nitrate-replete and depleted conditions (Fig. 3A, B) . Adenine also induced GFP expression. In contrast, Theo, a molecule unrelated to pbuE/pbuE*, did not induce GFP fluorescence (Fig. 3A, B) . In the same way, 2-AP did not induce GFP fluorescence when theo/pbuE* was used, as shown in Fig. 1A and B. These results indicate the independent regulation of two transcriptional units using the two types of riboswitch is possible. We are convinced that replacing the ligand-responsive aptamer domain of the riboswitch (Ceres et al. 2013) can extend gene regulation tools in the future.
Stable induction by riboswitch
We performed a time-course analysis of gfp induction in response to riboswitch ligands using quantitative reverse transcription-PCR (RT-qPCR) analysis under nitrate-depleted conditions. In a strain harboring pCA022 (theo/pbuE*), with addition of 500 mM Theo, gfp induction continued for at least A B Fig. 1 Induction of gfp expression by theophylline (Theo) using a transcriptional ON riboswitch. Anabaena cells were treated with different concentrations of Theo for 24 h under nitrate-replete conditions (A) or nitrate-depleted conditions (B), and green fluorescent protein (GFP) fluorescence was measured and normalized (optical density at 750 nm). 2-Aminopurine (2-AP) was used as a negative control ligand. In a pCA022 plasmid, the ribosome-binding site (RBS) sequence was optimized for maximum expression of gfp. Data represent the mean ± SD (n = 3 from independent cultures). Fig. 2 Target dependency of the theophylline (Theo)-responsive riboswitch. Expression of Flag-tagged iLov was induced using a transcriptional riboswitch (theo/pbuE*) or the Theo-responsive translational riboswitch variant F. At 24 h after the addition of 2 mM Theo, total protein from each strain was extracted. Total protein samples (5 mg each) were separated by 15% SDS-PAGE and analyzed by Western blotting using an anti-Flag-tag antibody. An untagged version of iLov controlled by theo/pbuE* was used as a negative control of Western blotting. Each riboswitch-target gene pair is expressed under the control of an L03 promoter.
72 h (Fig. 4A) . In a strain harboring pCA026 (pbuE/pbuE*), with addition of 100 mM 2-AP or adenine, gfp induction continued for at least 72 h, though gfp induction gradually decreased after 3 h (Fig. 4B) , suggesting that 2-AP and adenine are metabolized to some extent in A. 7120. These results indicate that stable induction is possible using these two riboswitches.
Spatio-temporal gene induction using riboswitches
One advantage of gene induction by riboswitches is that any promoter can be combined with the riboswitch. We predicted that the combination of a heterocyst-specific promoter with riboswitches would allow heterocyst-specific gene induction. Similarly, use of vegetative cell-specific promoters would allow specific gene induction in this type of cell (Fig. 5A) . First, we validated this idea by combining the heterocyst-specific nifB promoter P nifB (Wang and Xu 2005) , riboswitches theo/ pbuE* or pbuE/pbuE* and reporter gene gfp ( Supplementary Fig.  S2A ). In this study, P nifB contains base pairs-1,042 to +5 with respect to the transcriptional start site and does not contain a 277 nt long 5 0 -untranslated region. We confirmed that this P nifB is functional. In the Anabaena strain containing P nifB -gfp without a riboswitch, GFP fluorescence was observed only in heterocysts after 24 h of nitrogen step-down ( Supplementary Fig.  S3 ). After 24 h of nitrogen depletion, 2 mM Theo or 100 mM 2-AP was added into the culture of the P nifB -theo/pbuE*-gfp or P nifB -pbuE/pbuE*-gfp strains, respectively. After 0, 8 and 24 h, GFP fluorescence was observed ( Supplementary Fig. S2B-D) . No GFP fluorescence was observed in each strain at 0 h, and was observed only in heterocysts after 8 h of induction. After 24 h, stronger fluorescence was detected in some heterocysts, while weak or no fluorescence was detected in some heterocysts. This variation in fluorescence intensity might be due to insufficient formation of the GFP chromophore in mature heterocysts because the insides of mature heterocysts are known to be micro-oxic environments, and oxygen is necessary for the formation of the GFP chromophore (Videau et al. 2014) . In a previous study (Videau et al. 2014 ) using a non-induction system, establishment of micro-oxic conditions within heterocysts was estimated to be roughly 24-96 h after nitrogen removal. Our result through using the riboswitch-based system indicates that sufficient oxygen for GFP maturation is present in heterocysts after completion of heterocyst formation (24 h after nitrogen step-down) and oxygen in heterocysts is decreasing for several hours. Thereafter, we used an in situ LacZ assay to detect gene induction. In this assay, the fluorescence signal is obtained by degradation of the LacZ substrate. In addition to the nifB promoter, the rbcL promoter P rbcL (Wang and Xu 2005) was used for vegetative cell-specific induction. The P rbcL used in this study contains base pairs -294 to +9 with respect to the transcriptional start site and does not contain the 497 nt long 5 0 -untranslated region. We confirmed that this P rbcL is vegetative cell specific using the Anabaena strain containing P rbcL -lacZ ( Supplementary Fig. S4 ).
The Theo-responsive transcriptional ON riboswitch was combined with P nifB . In the absence of the inducer Theo, no fluorescence was observed either in heterocysts or in vegetative cells (Fig. 5B) . In the presence of Theo, fluorescence was detected only in heterocysts but not in vegetative cells (Fig. 5C ). In the same way, theo/pbuE* was combined with P rbcL . Vegetative cells, but not heterocysts, only showed fluorescence with slight variation in the presence of the inducer (Fig. 5D, E) . We also used a 2-AP-responsive riboswitch pbuE/pbuE*. When P nifB was used, 2-AP only induced LacZ expression in heterocysts (Fig. 5F, G) . Similarly, when P rbcL was used, 2-AP only induced LacZ expression in vegetative cells, although the fluorescence intensity of some vegetative cells was low for unknown reasons (Fig. 5H, I ). These results demonstrate that the high modularity of riboswitches allows spatio-temporal gene induction by a simple strategy.
Heterocyst-specific gene induction using sRNA acting in trans
We succeeded in cell type-specific gene induction using transcriptional ON riboswitches (Fig. 5) . We then tested a different approach to extend gene expression systems in cyanobacteria. We showed that in A. 7120 a TetR-aTc gene induction system is strict and that desired flexible gene regulation networks could be constructed using the system (Higo et al. 2016 , Higo et al. 2017 . We therefore aimed to create a cell type-specific gene induction system using a TetR-aTc system. We utilized a riboregulator system (Isaacs et al. 2004 ) composed of two elements: a cis-repressed mRNA (crRNA) and a trans-activating RNA (taRNA). Similar to the translational riboswitch, the crRNA alone forms a secondary structure, resulting in RBS occlusion and repression of the downstream gene. In contrast, in the presence of a taRNA, which has a complementary sequence to crRNA, the RBS is exposed and translation of the target gene is induced. It has already been shown that regulation of gene expression is possible using this system in S. 6803 (Abe et al. 2014 , Sakai et al. 2015 . We also used similar systems consisting of a cis-element and trans-sRNAs: toehold (Green et al. 2014) , small transcriptionactivating RNAs (STARs) (Chappell et al. 2015) or STARs (dual) (Westbrook and Lucks 2017) , which are mechanisms for activation of translation or transcription, or both, respectively. It should be noted that the toehold system was designed de novo for gene induction with a wide dynamic range to overcome the narrow dynamic range of the riboregulator (Green et al. 2014 ). These were developed in Escherichia coli, but to our knowledge have not yet been tested in cyanobacteria.
We designed a heterocyst-specific gene induction system using TetR and the above four systems (Fig. 6A) . trans-sRNAs are controlled by a TetR system. Expression of lacZ fused with each cis-element at the 5 0 region is under the control of the nifB promoter. Hence, in each system, expression of LacZ requires expression of both trans-sRNAs (induced by aTc) and lacZ itself (induced within heterocysts). In other words, trans-sRNAs, A B Fig. 4 Persistence of gfp induction by a transcriptional ON riboswitch. Under nitrogen-deficient conditions, (A) 500 mM theophylline (Theo) was added to a strain containing pCA022 (theo/pbuE*) or (B) 100 mM 2-aminopurine (2-AP) or adenine (Ade) was added to a strain containing pCA026 (pbuE/pbuE*). After incubation for the indicated time periods, total RNA was isolated from cells and RT-qPCR was performed to determine expression levels of gfp. rnpB encoding the RNase E subunit was used for normalization. Data represent the mean ± SD (n = 3 from independent cultures).
Cell type-specific gene induction using a riboswitch. (A) Schematic presentation of the strategy for cell type-specific gene induction. For heterocyst-specific gene induction, P nifB and theo/pbuE* (B and C) or pbuE/pbuE* (F and G) were used. For vegetative cell-specific gene induction, P rbcL and theo/pbuE* (D and E) or pbuE/pbuE* (H and I) were used. An in situ LacZ assay was performed after cells grown in nitrogen fixation conditions were treated with 2 mM theophylline (Theo; C and E), 100 mM 2-aminopurine (2-AP; G and I) or without any inducer (B, D, F and H) for 24 h. The upper and lower pictures show bright field and fluorescence images, respectively. Arrowheads indicate heterocysts.
but not ligands of riboswitches, activate expression of the LacZ reporter fused to a cis-element whose transcription is restricted to heterocysts. In STAR (dual), riboregulator and toehold systems, the RBS of each specific cis-element was used. In the STAR system, an optimized RBS for lacZ was used. Because the transsRNAs do not require translation or maturation, unlike proteincoding genes, the systems should rapidly respond to aTc. Each plasmid was introduced into A. 7120 and an in situ LacZ assay was performed with or without induction of transsRNAs using 200 ng ml -1 aTc for 24 h. In STAR (Fig. 6B, C) or STAR (dual) (Fig. 6D, E) systems, fluorescence was detected in heterocysts even in the absence of the inducer, and no induction by aTc was observed, indicating that these two systems are leaky in A. 7120. In a riboregulator system (Fig. 6F, G) , clear induction of fluorescence in heterocysts was observed by aTc. However, fluorescence was induced in a portion of vegetative cells, which is not a cell type-specific induction. In the toehold system (Fig. 6H, I ), only heterocysts showed fluorescence in the presence of the aTc inducer, indicating that the toehold switch system could be used in A. 7120. Taken together, these results demonstrated that two distinct systems enabled cell type-specific induction in the multicellular cyanobacterium A. 7120.
Perspectives
In the present study, we validated the usability of transcriptional ON riboswitches. Similar to the translational ON Theo riboswitch (Ma et al. 2014 , Higo et al. 2017 , genes were induced in a ligand concentration-dependent manner (Figs. 1, 3 ). There are some advantages in transcriptional riboswitches. For example, the expression range could be adjusted by changing the RBS sequence (Fig. 1) . Furthermore, non-coding RNA genes as well as protein-coding genes could be induced by transcriptional, but not translational riboswitches. Multiple genes in an operon as well as a single gene could be induced using transcriptional, but not translational riboswitches. The potential use of the two different riboswitches and the corresponding two ligands for inducing two transcriptional units independently is also important and could be useful in diverse cyanobacteria as well as A. 7120.
By a simple strategy, we succeeded in cell type-specific gene induction using transcriptional ON riboswitches (Fig. 5) . The simplicity of the system would facilitate various applications. In addition, we created a heterocyst-specific gene induction system by combining a TetR system and a toehold switch (Fig. 6) . This genetic circuit might be complex compared with that using riboswitches. However, in the latter case, even if it does not use the TetR-aTc system, the gene induction systems, e.g. a system that responds to environmental stimuli such as light, can induce trigger RNA. This should enable ligand free cell type-specific gene induction. Independent induction of more than two transcriptional units in a complex way could be possible using the systems developed in this study in heterocystforming cyanobacteria, for induction in heterocysts, vegetative cells and both types of cells. Taken together, these RNA-based tools expand the potential for metabolic engineering of multicellular heterocyst-forming cyanobacteria.
Materials and Methods

Bacterial strains and growth conditions
Anabaena strains were routinely grown at 30 C at 30-35 mmol photons m À2 s À1 in BG11 medium (Rippka et al. 1979) supplemented with 20 mM HEPES-NaOH (pH 7.5) and 5 mg ml -1 neomycin sulfate unless otherwise stated. For nitrogen deprivation experiments, cells were grown in the same medium lacking NaNO 3 (BG11 0 ). Liquid culture was bubbled with air containing 1.0% (v/v) CO 2 .
Plasmid construction
DNA fragments were inserted between the EcoRI and BamHI sites of pRL25c (Wolk et al. 1988 ), a shuttle vector replicating in A. 7120, using the Hot Fusion method (Fu et al. 2014) . Details of the sequences are described in the Supplementary data.
Measurement of GFP fluorescence
GFP fluorescence from Anabaena cultures was measured using an FP-8500 fluorescence spectrophotometer (JASCO) as described previously (Higo et al. 2016 , Higo et al. 2017 ). An excitation wavelength of 488 nm and an emission wavelength of 510 nm were used. To obtain the expression level in the GFPexpressing Anabaena strains, the fluorescence intensity of the cells containing the empty vector was subtracted as the background.
RNA extraction and RT-qPCR analysis
Total RNA was extracted from cells using a TRIzol Plus RNA Purification and PureLink DNase Kit (Thermo Fisher Scientific). cDNA was synthesized from 0.5 mg of total RNA with random hexamers using a PrimeScript II 1st strand cDNA Synthesis Kit (TAKARA). RT-qPCR was performed with a StepOne Real-Time PCR system (Thermo Fisher Scientific) in a 10 ml reaction mixture containing 5 ml of THUNDERBIRD SYBR qPCR Mix (Toyobo), 1 Â ROX reference dye, 0.3 mM of each gene-specific forward and reverse primer, and cDNA. The PCR conditions were an initial denaturation at 95 C for 1 min followed by 40 cycles of denaturation at 95 C for 15 s and annealing/extension at 60 C for 30 s. Melting curve analysis was performed after amplification. The C T values and baseline were determined automatically. The primers for PCR were as follows: rnpB forward primer 5 0 -TAGGGAGAGAGTAGGCGTTG-3 0 and reverse primer 5 0 -TTCTGTGGC ACTATCCTCAC-3 0 ; gfp forward primer 5 0 -AGTGGAGAGGGTGAAGGTGA-3 0 and reverse primer 5 0 -CTGGGTATCTCGCAAAGCAT-3 0 .
In situ LacZ assay
An in situ LacZ assay was performed as described previously (Pratte and Thiel 2016) . Briefly, cultures of Anabaena strains were washed twice with water and fixed for 15 min at room temperature with 0.04% glutaraldehyde, then washed twice with water. Cells were incubated in the dark at 37 C for 30 min with 200 ml of 100 mM 5-dodecanoylaminofluorescein di-b-D-galactopyranoside (C 12 FDG) in 25% dimethylsulfoxide (DMSO). Cells were washed twice with water and resuspended in anti-fade solution. Fluorescence images were taken on a fluorescence microscope (model IX73, Olympus) with a U-FBNA mirror unit.
Extraction of total proteins and Western blotting analysis
Total protein was extracted as described previously (Higo et al. 2017) . Equal amounts of total protein were separated on a denaturing SDS-polyacrylamide gel, and blotted onto a polyvinylidene fluoride membrane. Flag-tagged protein was detected using anti-DYKDDDDK (FLAG-tag) monoclonal antibody (Wako), with a chemiluminescent kit (ImmunoStar LD, Wako).
Supplementary data
Supplementary data are available at PCP online.
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